The immune system includes a subpopulation of CD8 + T cells equipped to inhibit the expansion of follicular T helper (T FH ) cells, resulting in suppression of autoantibody production and associated lupus-like disease. These CD8 + T regulatory (Treg) cells recognize Qa-1/peptide complexes on target T FH cells and depend on the IL-15 cytokine for development and function. Here we show that these CD8
The immune system includes a subpopulation of CD8 + T cells equipped to inhibit the expansion of follicular T helper (T FH ) cells, resulting in suppression of autoantibody production and associated lupus-like disease. These CD8 + T regulatory (Treg) cells recognize Qa-1/peptide complexes on target T FH cells and depend on the IL-15 cytokine for development and function. Here we show that these CD8
+ Treg cells express a triad of surface receptors-CD44, CD122, and the class I MHC receptor Ly49-and account for <5% of CD8 + T cells. Moreover, the development of systemic lupus erythematosus-like disease in B6-Yaa mutant mice is associated with a pronounced defect in CD8 + Treg cell activity, suggesting that this regulatory subset may represent an effective therapeutic approach to systemic lupus erythematosus-like autoimmune disease.
Rag2-deficient mice | cell transfer | HLA-E | KIR | memory CD8 cells A chieving a balance between induction of protective immunity against pathogens and maintenance of self-tolerance is a central feature of the adaptive immune system. Although negative selection in the thymus removes the majority of clones that express T-cell receptors (TCRs) with high affinity for selfpeptide MHC products, a significant fraction of autoreactive T cells is spared, and these can differentiate into effector cells in the context of inflammatory stimuli (1) (2) (3) . Pathological responses to self antigens are generally held in check by aberrant T-cell activation leading to cellular elimination or inactivation (4, 5) . However, these cell-intrinsic mechanisms may not be sufficient to prevent the development of autoimmune disorders (6, 7) .
Self tolerance also depends on inhibitory interactions between effector T cells and regulatory or suppressive cells (8) . A subpopulation of CD8 + T cells regulates the activity of CD4 + follicular helper T (T FH ) cells through recognition of Qa-1 expressed at the surface of T FH cells (9) . Previous analysis of the surface phenotype of these Qa-1-restricted CD8 + T regulatory (Treg) cells (hereafter CD8 + Treg) indicated that they express high levels of CD44 and CD122 and lower levels of CXCR5 and ICOSL. Expression of CD122 at the surface of these cells is in accord with the cells' dependence on IL-15 for development and function (9) . Here we show that CD8 + Treg cells express, in addition to CD44 and CD122, the class I MHC receptor Ly49, which confers enhanced responsiveness to IL-15 (10) (11) (12) (13) . These findings indicate that CD44 + CD122 + Ly49 + CD8 T cells, which represent 3-5% of CD8 T cells, account for virtually all of the Qa-1-restricted suppressive activity invested in CD8 cells and suggest that CD8 + Treg cells display several features of natural killer (NK) cells of the innate immune system.
We also investigated the contribution of CD8 + Tregs to a welldefined murine model of systemic lupus erythematosus (SLE). Qa-1 knock-in mice (D227K) that express an amino acid exchange mutation that impairs CD8 + Treg activity develop a lupus-like autoimmune disorder characterized by dysregulated T FH cells, tissue-specific autoantibodies, and severe glomerulonephritis (9) . This constellation of pathological changes is reminiscent of the lupus-like autoimmune syndrome displayed by BXSB-Yaa mice as well as the C57BL/6 (B6)-Yaa substrain (14, 15) . The finding that β 2 microglobulin deficiency and IL-15 receptor deficiency exacerbate BXSB-Yaa disease suggests that development of this disorder might reflect defective CD8 + Treg cell activity (14) . We found that B6-Yaa mice have increased numbers of T FH and germinal center (GC) B cells at an early age, and that CD8 + Tregs from these mice are unable to suppress WT CD4 T cells in adoptive hosts. We examined the possibility that defects in the development of CD8 + Tregs contribute to disease pathogenesis in this model of lupus.
Results

CD8
+ Treg Cells Depend on IL-15 for Acquisition of Suppressive Activity.
The CD44 + CD8 + subpopulation of T cells is divisible into two subsets according to expression of CD122, a component of the IL-15 receptor (Fig. 1A) 
CD122
− CD8 cells, displayed Qa-1-restricted suppression of NP-specific Ab responses (Fig. 1B) .
We then asked whether CD44 + CD122 + CD8 + Treg cells were also responsible for the inhibition of autoantibody responses. We found that the Qa-1 point mutation D227K that disrupts the inhibitory interaction between CD8 + Tregs and Qa-1 + target T H cells is accompanied by a burst of autoantibody to thyroglobulin and insulin (Fig. 1C) . CD8 effector and memory cells. Although CD44 + CD122 + CD8 T cells expressed Ly6C, CD200, NKG2D, and VLA-4 (data not shown), these markers did not allow enrichment of CD8 Tregs. However, CD44 + CD122 + CD8 T cells can be further dissected into two subgroups according to the expression of Ly49, a family of genes that encode both inhibitory and activating receptors associated with enhanced responsiveness to IL-15 in vitro (11) . Ly49 + CD8 cells also depend on CD4 + T cells for agedependent expansion in vivo (10, 12) .
After 
Ly49
+ subset expressed CD8αβ + but not CD8αα, as well as high levels of CD62L (Fig. 2) . Analysis of the Ly49 gene family expressed by CD44 + CD8 cells revealed that this subset expressed the following inhibitory receptors: Ly49A (24.8%), Ly49C/I (13.1%), Ly49F (90%), and Ly49G2 (33%). These cells did not express activating Ly49 receptors (Ly49D and H) at detectable levels, however (Fig. 2) .
In 
− CD8 T cells, efficiently suppressed Qa-1 WT CD4 T cells, but not Qa-1 mutant (D227K) CD4 T cells (Fig. 3A) . Analysis of the fate of Ly49 + CD8 T cells in Rag2
hosts at 3 wk after transfer showed that 2/3 of the cell population maintained surface expression of Ly49 and was not affected by the Qa-1 genotype (WT or Qa-1 D227K) of cotransferred CD4 T cells (Fig. 3B) . Thus, the suppressive activity exerted by Ly49 + T cells did not reflect a survival advantage in Rag2 −/− hosts (Fig. 3B ). We also analyzed the phenotypic stability of Ly49 expression in vitro. Ly49 + and Ly49 − CD8 cells incubated in vitro for 2 wk in the presence of IL-15 (100 ng/mL) maintained their surface phenotype (Fig. 3C) Further experiments are needed to determine the ability of these cells to mediate Qa-1-restricted regulatory activity. Consistent with our previous studies demonstrating that anti-IL-10 had no effect on the suppressive activity of CD8 + Tregs (9), here we detected only minimal levels of IL-10 production (∼3%) by Ly49 + CD8 cells even after phorbol myristate acetate/ionomycin stimulation (Fig. 3D) ; Ly49 − CD8 T cells produced higher levels of IL-10 (∼13%).
Although the contribution of inhibitory receptors to the suppressive activity of CD8 Tregs requires further study, these findings suggest the possibility that the development of CD8 + Tregs may depend in part on the engagement of receptors normally expressed by NK cells that inhibit activation after engagement by class I MHC products.
Defective CD8 Treg Cell Function in B6-Yaa Mice May Contribute to the Development of Lupus-Like Disease. Expression of a point mutation in Qa-1 (Qa-1 D227K) that disrupts the suppressive (9) . Consequently, we asked whether defective CD8 + Treg activity also may contribute to the pathogenesis of autoimmune disease in Yaa mice, based on findings that the lupus-like autoimmune disease of BXSB-Yaa mice is characterized by increased numbers of T FH and GC B cells (15) and that a deficiency in β 2 microglobulin accelerates the onset and intensity of this disease (14) . The serious autoimmune disorder characteristic of BXSB-Yaa males is also found when Yaa is transferred to other lupus-prone genetic backgrounds (16) (17) (18) . When Yaa is transferred onto the B6 background (B6-Yaa) a similar lupus-like autoimmune syndrome also develops, but in a more protracted manner.
Our analysis of B6-Yaa mice revealed that both 2-mo-old and 8-mo-old mice had an approximately threefold increase in both T FH and GC B cells in the spleen, reminiscent of the B6.Qa-1 (D227K) phenotype (Fig. 4A) . B6-Yaa autoimmune mice demonstrated defective CD8 + Treg activity (Fig. 4B) . Thus, although the B6-Yaa mice had at least as many CD44 + CD122 + Ly49 + CD8 + T cells as did the B6 WT mice at 7 d after KLH/CFA immunization (Fig. S1 ), these cells lacked suppressive activity, in contrast to CD8 + Treg cells from WT donors, which transferred robust suppression (Fig. 4B) . These findings suggest the possibility that T FH cell expansion and associated autoimmunity in B6-Yaa mice reflect defective CD8 + Treg cell function.
Discussion
Recent analyses of Qa-1 mutant mice have shown that genetic disruption of the inhibitory interaction between CD8 + Tregs and target Qa-1 + T FH cells results in the development of an SLE-like autoimmune disease that is accelerated by viral infection (9) . The inhibitory effects of CD8 + Treg cells entails perforindependent elimination of target T FH cells, a mechanism that has been shown to be efficiently enhanced by IL-21, the canonical cytokine secreted by activated T FH target cells (19) . The data presented herein more precisely define the surface phenotype of CD8 + Tregs based on their expression of inhibitory Ly49 receptors and dependence on the IL-15 cytokine. Taken together, the data show that Qa-1-restricted suppressive activity is invested in a small subpopulation of CD8 + T cells that express CD44, CD122, and inhibitory Ly49 receptors at the surface and is defective in B6-Yaa autoimmune-prone mice.
Further analysis of the surface phenotype of CD8 + Tregs revealed expression of a panel of inhibitory Ly49 receptorsLy49A, Ly49G2, Ly49C/I, and Ly49F (Fig. 2) -but not Ly49-activating receptors. Although engagement of Ly49 can inhibit CD8 T-cell activation (10), ligation of inhibitory Ly49 molecules also may decrease activation-induced cell death and thereby protect memory CD8 cells from premature elimination (20) (21) (22) (23) (24) . These considerations suggest that the expression of inhibitory Ly49 receptors by CD8 + Tregs might limit the intensity of early activation but prolong the lifespan in the memory pool. Interestingly, the ligands that bind to the Ly49F receptor, the major Ly49 family member expressed by CD8 + Tregs, remain unidentified. The absence of binding activity of Ly49F to conventional MHC class I molecules has led to speculation that this Ly49 family member might interact with MHC class Ib molecules (25) . TCRαβ + CD8αα intestinal intraepithelial lymphocytes also express Ly49 family members, as well as TGF-β and LAG-3, consistent with a potential regulatory function (25) . Shared expression of Ly49 inhibitory receptors by TCRαβ + CD8αα and TCRαβ + CD8αβ Treg cells might reflect overlapping developmental or functional properties.
Human CD8 T cells include a small subset of cells that express inhibitory killer cell immunoglobulin-like receptors (KIRs) that are analogous to the murine Ly49 receptor. Both proteins display intracytoplasmic immunoreceptor tyrosine-based inhibitory motifs that deliver inhibitory signals on binding to self MHC class I proteins (26) . Human KIR + CD8 + αβTCR + T cells express a memory phenotype, account for virtually all perforin-positive human CD8 cells, and represent ∼4-5% of the CD8 + T-cell pool (27, 29) . Moreover, human CD8 + T-cell clones isolated from KIR + CD8αβ + TCR + T cells recognize HLA-E (the human homolog of Qa-1b) (30) (31) (32) , consistent with our findings that Ly49 + CD8 T cells in mice exert Qa-1-dependent immune suppression. Further analysis is needed to determine whether this subset of human CD8 T cells mediates HLA-E-dependent suppression of activated human CD4 + T memory helper cells. We have previously noted that CD44 + CD122 + cells also express CXCR5 and ICOSL, as detected by bead-dependent enrichment (9) as well as FACS-dependent cell sorting (Fig. S2) −/− hosts or in irradiated B6 (WT) hosts. The most stringent test for Qa-1-restricted suppressive activity by these cells involves a comparison of their ability to regulate CD4 target cells expressing WT Qa-1 or Qa-1(D227K), a mutation that disrupts Qa-1 recognition. Although CD4 cells from Qa-1-deficient donors also may be used as negative controls, in view of the extreme sensitivity of Qa-1 −/− CD4 cells to NK lysis (33) , adoptive transfer must be carried out in perforin-deficient Rag2 −/− hosts. Finally, we analyzed B6-Yaa mice, which harbor a translocation of ∼20 genes from the X chromosome to the Y chromosome (18, 34) ; duplication of Tlr7 is largely responsible for the Yaa-associated autoimmune phenotype in males. Although appreciable end-organ pathology does not develop in B6-Yaa mice until age 8-12 mo, we found expansion of T FH and GC B cells and defective CD8 + T regulatory activity by age 2 mo (Fig. 4A) 
Ly49
+ CD8 + T cells was similar in Qa-1(D227K) mice and WT B6 mice (Fig. S1) , indicating that an analysis of surface phenotype must be combined with the identification of intracellular gene products, such as perforin, for complete characterization of CD8 + Treg activity in mutant autoimmune mouse strains.
In summary, we have shown that the IL-15 dependence of Qa-1-restricted CD8 + Treg cells is associated with expression of the triad of CD44 + CD122 + Ly49 + receptors at the cell surface. Genetic interruption of the interaction between CD8 Tregs and target CD4 T cells results in autoantibody responses by con- ventional B6 mice, whereas the autoimmune disorder that develops in a murine model of SLE-BXSB-Yaa-reflects, in part, defective CD8 + Treg activity. These findings suggest that manipulation of CD8 + Treg activity might represent an effective therapeutic approach to autoimmune disease.
Methods
Mice. C57BL/6J (B6), B6-Yaa (Jackson Laboratory), B6.Rag2
(Taconic), and B6.Qa-1(D227K) mice (backcrossed for 11 generations) were housed in pathogen-free conditions. All experiments were performed in compliance with federal laws and institutional guidelines, as approved by Dana-Faber Cancer Institute's Animal Care and Use Committee.
Reagents and Flow Cytometry. Single-cell suspensions were prepared and maintained in the dark at 4°C for immunofluorescence analysis, washed in ice-cold FACS buffer (2% FCS and 0.1% NaN 3 in PBS), incubated with each antibody for 30 min, and then washed in FACS buffer before analysis. Anti-CD4, anti-CD3, anti-CD8α, anti-B220, anti-CD44, anti-CD62L, anti-Fas, anti-ICOS, anti-IgM, anti-CD200, anti-IL-10 (BD Biosciences), anti-CD8β, antiLy49C/I/F/H, anti-Ly49A, Ly-49G2, Ly49C/I, Ly49D, Ly49F, and Ly49H (eBioscience) were used, followed by analysis of cells using a FACSCanto analyzer (BD Biosciences) and FlowJo software (TriStar).
Cell Purification and Adoptive Transfer. Naïve B cells were isolated from spleens of Qa-1 WT mice using a BD Biosciences B Lymphocyte Enrichment Set. Naïve CD4 + CD25 − cells were purified from spleens of Qa-1 WT and mutant mice using a BD Biosciences CD4 Cell Enrichment Set and biotinylated anti-CD25 Ab. B cell and CD4 cell purity was >95%. Cell culture medium (RPMI, 10% FCS, 50 units/ml penicillin, 50 μg/ml streptomycin, 10 mM Hepes buffer, 55 μM 2-mercaptoethanol, 1 mM sodium pyruvate, 2 mM L-glutamine) was supplemented with 100 ng/mL of IL-15. Cells were incubated in 12-well plates and divided when cell density reached 1 × 10 6 /mL.
ELISA. For detection of NP-specific antibodies, ELISA plates were coated with 0.5 μg/mL of NP 4 -BSA or 1 μg/mL NP 23 -BSA (Biosearch Technologies). Serum harvested at 14 d after immunization with NP 19 -KLH in CFA and reimmunization with NP 19 -KLH in IFA was used as a standard. Here, a 1:4,000 dilution of this immune serum was defined as 100 U/mL. NP-specific IgG1 Abs were detected by incubating plates with biotinylated anti-mouse IgG1 Ab, followed by streptavidin-peroxidase. For the detection of autoantibodies, porcine thyroglobulin (Sigma-Aldrich) and porcine insulin (Sigma-Aldrich) were used to detect relevant Abs.
Statistics. Statistical analyses were performed using the Wilcoxon-MannWhitney rank-sum test for comparison of two conditions and the KruskalWallis test for comparison of more than two conditions. A P value < 0.05 was considered statistically significant (*P < 0.05; **P < 0.01; ***P < 0.001), as shown in Figs. 1, 3 , and 4 and Fig. S2 . 
